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NOTICE

When Government drawings, specifications, or other data are used for any purpose
other than in connection with a definitely related Government procurement operation,
the United States Government thereby incurs no responsibility nor any obligation
whatsoever; and the fact that the government may have formulated, furnished, or in
any way supplied the said drawings, specifications, or other data, is not tv be regarded
by implication or otherwise as in any manner licensing the holder or any other person
or zorporation, or conveying any rights or permission to manufacture, use, or sell any
patented invention that may in any way be related thereto.
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: FOREWORD :

. This report was prepared by the Re-~entry and Envircninental Systems Division of

- the General Electric Company, Philadelphia, Pepnsylvania, under AF Contract
g F33615-69-C~1503. This contract was initiated under Project 7340 “Nonmetallic and
Composite Materials", Task No. 734001 '"Thermally Protective Plastics and Compos-
¥ ites". The work was administered under the direction of the Nonmetallic Materials
;f_; . Division, Air Force Materials Laboratory (AFML). The AFML project engineer was
g - Mr. R. Farmer, AFML/LNC.
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5 ) This report covers work performed between 30 March 1970 and 30 June 1971,
The manuscript of this report was released by the authors 22 July 1871,

This technical report‘has been reviewed and is approved.
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ABSTRACT

" Ablative plastic composite materials were investigated and developeu for luag time

heating envirorments. The desirzble materials performance goals were low surface
ablation, insulative ability, and low weight without asymmetrical ablation, char in-
stability, spallation or other thermomechanical effects. X
The candidate materials consisted of (a) carbon, quartz, ani silica cloth reinforced
polyimide resin, (b) lcom woven, low density quartz {LDQ) insulative layers using
polyimide resin, (c) carhon-quartz bifilament tape reinforced phenolic resin, (d)
filled ablative siliccne eiastomers, and (e) 2 multiple interlock, filament wound
(MIFW)-carbon filament remforced phenolic resin cylinder.

Candidate materials and reference carbon and silica cloth reinforced phenolic resincus
composites were evaluated, Polyimide resin composites were generally comparable

to the reference materials. LDQ proved an effective light weight insulator when used
between a:heat shield and aluminum structure. Outstanding carbon-<uartz bifilament tape
performance was obtained, but the results could not be adequately reproduced. ‘There
were no attractive performance features for the two remaining concepts.

The test environment was geperated by a § 7'ﬁeg:nvai:t air arc heater, which was cperated
stepwise over 300 seconds to give a 36,550 Btu/ft2 heat load. Other nominal conditions
over the 230- and 70-second heating intervals were 5000 and 5000 Btu,’lb enthalpy; 25
and 440 Btu/ftz-sec heat flux; 6.4 and 2.5 lb/ft shear stress,

A high heat flux, dual channel charac'erization procedure was developed to investigate
the ablative performance of materials under conditions more representative of advanced
missile entry missions. Preliminary characterizations were conducted for selected
reference and candidate composites.

An analytical study was made of materials response and to confirm experimental results.

Good agreement was generally found between analytical and experimental results for
carbon cloth reinforced phenolic resin and other composites.
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DATE %

June 1971 §

SUBJECT: AFML-TR-70-95, PartII, AF Contract No, F33615-69-C-1503 - SEE

el

TO: Recipient

AW

1, Furnished herewith for your review, information, and permanent refention
is Part I of Technical Report AFML-TR-70-95 for the subject coatract.
This Interim Summary Technical Report is entitled "Abldtive Materials

-
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for High Heat Loads, PartTI", and was prepared by the Re-Entry and i
Environmental Systems Division, General Electric Company, ;

. A8
2. This document is subject to special export controls and each transmittal 3
to foreign governments or foreign nationals may be made only with prior tf ;3
approval of the Plastics and Composites Branch, Nonmetallic Materials § ;
Division, Air Force Materials Laboratory (MANC), Wright-Patterson r‘- :
Air Force Base, Ohio 45433, : g ?
3. .Technical comments will be appreciated, They should be forwarded to ::: ‘
AFML (MANC), Wright-Patterson AFB, Ohio 45433, =3
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LIST OF SYMBOQLS g
A - Csllision Frequency B - Constant %g .|
Cp -  Specific Heat A . Difference - » oﬁ §
e -  Base, natural logarithm v - Del, vector operator BYE
E -  Activation Energy 3 - Partial differential Bs
F - Coefficient 0 -  Density oy
h ~  Enthalpy o - Beltzmann Constant R
= H ~  Latent Heat L -  Summation , E
5.5 k ~  Thérmal Conductivity &, - Variable coefficient,
i M,M -~ Molecular weights defined in text
R m -  Summation Integer - i
gl m - Mass flow Subseripts i’
L" 3 n - Exponent 520 ‘
;‘ Pr ~  Prandtl Number GF - gas-fluid 3
i?// q ~  Heat Transfer Rate K -~  cracking/recombination 125
& . R ~  Gas Constant g ~° gas : el
¥ s - Recession Rate ¢ -  char (except us/q) o
;f; T - Temperature v -  virgih 32
Ld t ~ Time i - counter (of ra1 components) B
o . X ~  Depth dimension ecv -  convective o1
Yo Xt ~  Speciiied Depth RR -  reradiative ?
e Z ~  Reaction Rate Coefficient f - film (= §/Bh) B
2 o e - emissivity &
;§\ o a - geometric viewfactor
e r -  recovery {stagnation)
i w - wall 3
¥ BL -~  Boundary Layer §
P vap ~  Vapor &
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L INTRODUCHON

Ablative heat shield materials are usually exposed to peak high heat flux and peak high
shear force-environments for relatively brief periods of time. A low rate of surface
Tecession is thus a prime performance requirement. There are advanced missile
entry systems, however, that will require efficient insulative ability in addition to Iow

recession. for lengthy, high heat load ‘missions.

The selectlon of ablative materials for high heat loads can be made only if the total
eevironment effects are clearly understood and practical performance criteriz are
applied to the problem. The long period of heating first imposes a requirement for a
high degree of insulative ability in addition to the usual ablative resistance. Secondly,
it must be-recognized that early decomposition and loss of resin may result in thermo-
mechanical phenontena such as asymmetrical erosion, char instability, spallation, and
surface roughness. The effects are of particular importance during the increasing
heat flux and shear stress period at the lower entry altitudes.

This program was initiated {o examine materials response under the-advancei environ-
mental requirement of high heat loads and to conduct exploratory development to pro=
vide new and improved: materials for maximum-efficiency. Thedesitab’e performance
goals-were high ablative resistance against thermochemical surface removai, ihsulative
ability for structural thermal protection, and low total weight per unit area, without
thermomechanically induced deletericus plienomena.

In the first years' work, an investigation was made of the adequacy, limitations and
materials problems associated with the use of state-of-the-art tape wrapped carbon cloth
and silica cloth reinforced phenolic resin composites. The erosive resistance, insulative
ability, and structural integrity of ablative-materials was evaluated using a high heat

load characterization environment. The effects of composition and construction were
investigated for a series of three reference and four candidate compesites. The
variables included cloth type, fiber orientation within the cloth, fiber size, resin type,
and weave pattern., The ablative responses were highly dependent upon composition

and construction. Asymmetrical erosion, excessive erosion, or high internal tempera-

tures was found for several composites.

Certain carbon cloth and silica cloth reinforced phenolic resin compusites gave
acceptable ablative surface patterns, mass loss rates, and internal temperatures,

These materials were relatively heavy. Consequently, multilayer lighter weight con-
cepts were examined. A low density quartz (LDQ) construction was shown to be an effec-
“ve and light weight insulator when bonded between the heat shield and aluminum struc-
ture. The LDQ consisted of phenolic impregnated quartz strands, which alternated at
right angles to yield a square wall, non~laced patterned construction.
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A considerable effort was. devoted to the development of an appropriate environmental
simulation capability. The unique facility features a five minute run in two steps for a
large specimen. An exposure of 230 seconds at a low heat flux is followed by a step-
change-to 2 high heat flux:period of 70 ‘seconds, The nominal heat flux, enthalpy and
shear stréss environmental conditions-are further summarized by Figure 1. Specimen
dimensions were § inches length by a 1.5 inch width-by a variable thickness. There
was. a-bonded aluminum structure, five thermocouples, 2nd a 20 degree fiber angle for
the>simulated tspe wrapped speclmen.

The explnratory development program was contmued a. seccnd year to deveIOp 1mpro"ed
.concepts as.described by-this report. The emphasis was on heterocyclic resins, abla-
tive-insulative layer compcsites, low density elastomers, and a filament wound cylinder.
The candidate concepts inciuded: carbon, quartz and silica c¢luth reinforced polyimide

~ resin (w:hiéh,is more thermally stable than phenolic resin); LDQ.using polyimide resin;
carbon=~quartz bifilament tape reinforced phenolic resin composites; filled ablative silicone
elastomers; and a simulated. multiple interlock, filament wound (MIFW) carbon filament
remforced phenohc resincylinder with promising ease of manufacture.

In addition fo materials exploratory develo;)mept, improvemeats were made in the design
and gperation of the air arc heater for high heat load characterization. Additional
improvements. were made in calibration procedure and the reporting of experimental data.

A dual ¢hannel characterization was- developed to examine ablative performance under
conditions more représentative of advanced missile entry missions with-a- higher heat
flux- pulse and shorter period of heating. The nominal-environmental conductions-con~
 sisted-of'a-calorimetric-heatflix of 1260 Btu/ft2-sec, enhalpy-of 7000-Btu/lb, and-run
time of 15 seconds- for a heat load of 22,500 Bhi/ft2, Specmens dimensions were 5
inches/length by a 1.75 inch width by a variable thickness. There were four thermo-
couples and a 20 degree fiber angle for the two matching simulated tape wrapped-speci-
mens, Preliminary characterizations were concacted for referénce carbon cloth and
silica cloth reinforced phenolic resincomposites, candidate carbon ¢loth and silica
cloth reinforced polyimide resin composites and a graphite.

An existing computer code was modified to permit the analytical study of materials
response and to confirm experimental results. Good agreement was generally found
between analytical and experimental results for the reference carbon cloth reinfurced
phenolic resin composite and LDQ composites for the two types of ablative charac-
terizations.
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Fabrication of new concepts and specialized test specimens continued. There were
-annual report was used.

'P13N:{B-138) AND REFRASIL C-100-48 ) _ :

: S, - P S |

. TECHNICAL APPROACH

FABRICATION o S j
some process failures and not all specimens were suc¢e§sfully completed. For A
simulated tape wrapped specimens, ‘the fabrication.process outhined in the interim

Five, small scale’process studies were made to determine a final process for the
production of 20° oriented~bias tape fiat panels waliving P13N/Refrasil and autoclave
equipment, ) ) L )

The studies included "B stage times and coating applications (Resin pick-up). "B" stage
temperatures were constant as well as laminating pressures, The gel time of the resin
was 65 seconds at 190°C. Resin solids was 40 percent.

The initial three attempts resulted in.a porous laminate having littie structural integrity
aftér post cure‘through. 600 °F. Little‘flow-was noted:and-the cured laminate could be-
delaminated, ply by ply with little pressure exerted.

The fourth attempt ‘included a consoclidation step under vacuum bag pressure (14 psi) at
300°F for 15 minutes—followed by 150 psi (press) and 300 °F for one hour. Resin flow
was evident at 300°F - 150 psi and the laminate appeared structuraily stable on cool-
down. Several small voids were noted.

The fifth study included an additional time cycle in the consolidation step. This time
was increased to minimize volatile entrapment,

Three oriented layups were made, and processed in the autoclave, All three were lost

when the post cure oven temperature contrel failed and they were exposed to 1200 °F,
They all showed evidence of delamination prior to post-cure.
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The fifth study included an auditional time cure in fae consolidatlon step from 15 to.20
minutes followed by 150 psi pressure at 300 °F for one hour, The resulting laminate
showed evidence of flow, struyctural infegrity, ’sut still evidence 6f small voids,
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- The sixth study included a consolidation st/.p at a lower temperature (200°F) for a longer
period:of time (one hour) in an attempt tr minimize volatile entrapment. Subsequegt pro-«
= cessing at 150 psi pressure and 300°F ;,roduced-an acceptable, structurally stabie
| flat panel, - -

The above proceéss was scaled-ur to the standard model configuration—20° oriented=

45° bias tape model and proces sed by autoclave techniques at 150 psi and 350°F temper-

ature. The resulting panel arpeared structurally stable. Resin content at this point -

36%. On post cure-through ,00°F the oven control and override mechanisms failed,

the oven temperature reac'sing a minimum of 900°F. Resin burn out and delamination

was evident, - .
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- The process was reprated, tho cured laminate post cured through 600 °F, Samples i :é
j were machined to mdel test size. These machined pieces showed some porosity, and £
low densgity areas, Further work with the P13N material was abandoned due to pro- ‘ 3
- cessing difficultiss. . 4
. & . \\‘\\\\ é
V Gemon L - Quartz Sample Processing \\\~\\\ ! é
- Réinfoceement 581/9073 Quartz Fabric : T
= Resim Content 36 to 39% ﬁ
g | Sulvent Content 9.4% average i é
g | Y -3
; ' Tb : material as received was cut into 2 in. -wide tapes at 45 ° orientation and further
srctioned into 12 in, lengths. These were then stacked into a 12 x 8 in. mold at 20° £
rngle.,
The panel was consolidated under vacuum bag pressure (14 psi) for 1 hour at 200°F, g
;f This panel was further processed at 150 psi autoclave pressure and 350 °F for six hours. %
o 4
Post cure included 12 hours at 400 °F plus 8 hours at 500°F, 3
3
s Samples were machined to test model configuration-t.0 x 1,75 x 0.5 in. Density was
E -1.71 g/cc.
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. ;’a previous p‘.nel processed in the identical manner,. post c¢ured in 2 nm-away oven=

estimated temperature 900 °F—survived sufficiently to be machmed into test panels.

Resin COqtent after (900 °F) post.cure - 3f, percent. -

~ Specific gravity - 1.70 g/cc ‘

One specimen of each post cure condition wis submitted for test, Thé fact that the
composite was able to survive a very high temperature exposure for a substannal
pemod of tnme made it of mcreased mterest in this program. -

Silicone Elastomer: Two specimens based on TBS 542 silicone rubber were prepared.
They were identified as GEM 1 and 2. ) -

GE TBS 542 Ezperimental Silicone:(Modified with Sic)

Sample Preparation

Formulation - grams %
TBS5e2 200 84.1
RTV 9811 \c:‘at'alyst ‘ 18 6.7
Siiicon, carbide 600 mesh R 22 ) 9.3
Total 233 100.0

Process

The TBS 542 was thoroughly blended by mechanical stirring with the RTV 9811 paste
catalyst until a uniform green color was cbserved (5 minutes), Silicon carbide powder
was added slowly until a uniformly dispersed (10 rainutes}. The mix was then dea-
rated under 14 - 15 psi vacuum pressure., The mix although somewhat thixotropic was

capabie of being transferred into a 6 in..x 3 in, x .5 in, cavity by utilizing a vibrating
table.

Cure

Initial Cure 16 hours at 75 °F
8 hours at 200°F

Post Cure 16 hours at 250°F
8 hours at 300°F
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Test.Sample . ) . T

. The cured TBS 542<sa}nple was Bor;dedfundgrﬁmodex“ate pressures to 4 0,0625 in.-thick .
‘6 X 2 in: alumimum plate (2024 T3) using RTV 560 0.5% T-12 catalyst, - ] .
: - o . 8 hrs @ 160°F " '
- . - Post cure of the bonded sample 8 hrs @ 200°F ) :
] ~ ’ 8hrs @300F =~ - » ;

-On completion of the cure_thé sample was sectioned and surface ground to the test con-
© figuration 5.0 x 1.75 x 0.5-in. The density was 1.5g/cc.

[

‘In addition-to the modified material, anunmodified specimen was prepared for com-
parison purposes. Both materials-were used to complete ihe evaluation of the DCM-1
-specimen.
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Table I outlines the properties of the unmodified resin casting.

- Maltiple Interlocked Filament Wound (MILFW) Cylinder ) : ‘ -

« e

The uhiective of this effort was to filament wind a MILFW cylinder composed of two
(1/4 in.-wide) PX505/2510 helical bands interlocked into five (1/16 in-wide) PX505/
. ’2510‘gircumferentiai—-baads, The phenolic resin used wee BP 2513,

1

RO A b0 oeemiim bl g 0 Db ke s vecdlon saotee e W S8 Kb v M by o kiSRS

Previous investigations have indicated that the quality of a filament wound structure
is highly dependent upon the fension applied to the circumferentials. In this instance,
it was.not possible-to apply tension to the circumferential band because of the separa-
tion of the two PX505 yarns which made up the 1/16 in. -wide band. One yarnwould
carry all the tension applied to the spool while the other yarn would rot be under any
tension.

YR
K

Rather than return the 2X505/2510 band to the material processor, attempts were made
to utilize the material by applying supplemental individual tension to each yarn. This
was done by constructing individual spring actuated tension arms which would apply
tension to each yarn while still utilizing the basic spool tension brake.

Extensive trials revealed that the tension arms would not previde adequate circumfer-
ential winding tension on a consistent basis for the time span necessary to construct a
MILFW cylinder. The process has been abandoned as being impractical with current
materials.
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As a substitute for the multiple interlocked fiiamient w.und specimen, a helically
rewound PX510/DP2510 specimen was prepared and cured. Upon sectioafng it was
noted that.this first winding contained a circumferential crack about midway through
the piece. A second. wmdmg was prepared and cured, and showed no evideace of
cracking when sectioned, ‘This ‘second specimen has been reimpregnated with addi-
tional phenolic resm, and pm‘\ared for test, 2

Figure 4 shows-the cast, impregnated Speeimen, and Figure 5 shows the machined:
cylinder. .

Combination. Tape - Quartz/Carbon.

The cerabination 't_;uie as supplie;i by the vendor -¢onsists of a three-inct wide, unim-
pregnated carbon, quartz cioth-having a ratio of 2-1 carbon to quartz. 1% is inter-
woven with strands of organic yarn. The combination tape is shown in Figure 6.
Ablation-samples were prepared by the following process:

1. Sixteen, 60-inch lengths of tape were cut and dried in an air circulating aven
©at 2_{7-5 °F for two h_urs,

2. On renioval they were 1mmed1ate1y impregnated with a 40 percent solutxon of
DP-2510, phenohc resin, -in-Ethanol. :

3. The tape was then B! Staged 1 hour at 180°F.
4, A second coat of DP-2510‘wa$ applied.
"5, The tape was ""B" Staged 2 hours at 180°F.
6. The impregnated tape was then cut into 5-inch lengths,

7. These 5-inch segments were trimmed leavmg , carbon layer of i-inch and
a quartz layer of 0.5-inch. This was done to facilitate molding.

8. The 5-inch segments were laid up at 20° wp in an eight inch mold.

9. The lay-up was consol.dated at 180°F (vacuum bag pressure approx.14 psi) for

one hour,

10. Rebagged and cured in an autoclave at 150 psi under the following scheduled:

350°F 2 hours
375°F 2 hours
400°F 4 hours

11. Specimens were machined to 5-inches x 1,75~inches x *0.375-inch.

*Total material thickness after cure - 0.395-inch.
7
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The resin-conteut of the impregnated tape was 50 percent. L ‘ —

~ The densiiy of the.cure ’.palit was -1.34.g/cc. )

The ratio of:carbon to quartz in the cured part was six fo-one.

The line of deﬁ;arkaﬁqn between quartz and carbor was excellent.
No other propertxen were measured since the thickness of the quartz layer wae less
than desired, A 10X view is shown in Figure 7. A second set of ablation samples
were prepared using the techniques opﬂined Two-éxceptions were-made:

1. The tape was molded as a 3-inch width without trimmin'g.

2. Quartz scrim clotk (J,P. Stevens) was insérted. be*ween each layer of com-
bination tape to achiéve a. more uniform quartz thxckness.

Are 'Modiﬁcétioﬁ's\/

As a result of previous. tésts, minor water leakage arnund ar. O-ring seal in the second
plenum- was cbserved. The problem was attributed to apparent progressive shrinkage
of the-copper liper of the plenum. Although the leakage was.not serious, remedial
action was tzken; despite the repair and. improvement in water flow, the plenum devel-

-oped-2-1zak during' the subsequent run,

Because there has been increasing difficulty with the secondary pietum hardware, a

.new plenum design was prepared. The modified set-up is shown in Figures 2 and 3,

Construction of the dual channel components and specimens for the high heat transfer
tests was completed, The test specimens will consist of 20° tape wrapped carbon
phenolic and ATJ graphite, The dual channel test exhibited.the following basic operating
characteristics:

Heat Transfer 1500 BTU/sec;.-—ft2 (Extreme - 5.3%, -9,3%)

Enthalpy 6740 BTU/1b (Max. variation: -8.0%)

Delivered Power 2220 KW (Max. variation: -2,6%)

Specimen Pressure 54 psia (Variation -3, 0%)

The configuration of the dual channel equipment is shown in Figure 8.
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MATERIALS: AND CONCEPT“SELECT‘ON

A number of new concepts were prepared- during the second ‘haif of this study program,
including some tape wrapped specimens. itilizing a low density xnsulator, and some
cast elastomenc materials znd.a filament wound specimen.

Table Houtlines the specimen materials and gives, details of construction, With the
exception of A4-2B, all shield materials were of high density-and wmiformly good.quality,
A4-2B was a specimen- prepared from CCA1-1641 Carbon fabric and Skybond 700, a
material that. chamctemstxcau) produces-composites. with a ‘high void content (Refer-

_ ence 1), A-newly developed polyimide resin that cures by an addition polymerization

process was selected to overcome the difficulties experienced with Skybond 709 {a con-
densation polvmer), and specimens A4-3, 4, and 5; and A3-4 were prepared. The
resin is code-named-H7B1000E, * The carbon composites exhibited a density of 1.42

- g/ce, and-the silica composites.had a density of 1.88 g/cc. Neither showed any evidence

of voids upon n'n(,roscopxc examinations. For-comparison, specimen A2-2, a standard
silica Jphenolit, was tested during this period.. The C-4 specimens wére based.on a-
‘combination tape composed- of VYB yarn and quartz yarn, The tape and fabrxcated
speciméns were described in the fabrication section.

~ Specimen.C1-5.-was-a 0.2 inch thick carbon heat shield over a low density quartz

pherolic Air_zSulai:or with a radiation barrier,

It. should be noted that specimen. C1-6 contained only 5 thermocouples, two in the

'shleld material, one-at ‘he. shxeld/msulator mterface, one at-the cold side of the radi-

ation barrier,. and one at the aluminum bond line, The sketch below gives details of
conStruction..

i} — — __ HEAT SHIELD
0.25 5 7
. ' o LooP ,
2t }_ . e e e e e [« RADIATION BARRIER
125 _ ) LDQP
0.0625" .\ i Je—— ALUMINUM

The heat shield thickness was selecied based on the results obtained on CL-5 during a
previous run,

The Quartz/Gemon (polyimide) composites, A7-1 and A7-3, were not as uniform in
appearance as the silica/Gemon, A304 and A3-8, material, but showed high density

properties in spite of the presence of some small cracks, DCM-1 (DC93-104) was
supplied in cured form, and tested as supplied. :

'*GemonL
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ABLATION TESTING -

Thie data-acquired during this program are given in Table TII. A review of data acquired

during the last group of ablation tests shows-that significant inprovement lias been
achieved-in controlling input energy tothe arc. Correspondingly, plenumpressure

and secondary plenum pressura yalues are also relatively uniform: This can be readily
seen.by comparing plots-in Figures 9 through 28. While-this indicates an- improved
operational procedure, subsequeat testing may provide even better Tepeitability.

The genéral behavior-of the channel wall pressures is attributed to the variation in
performance of the nozzle as a result of specimen ablation. Although there is no

> immediately evident correlation between ‘he types of materials and the gross channel
. pressure curve characteristics, it is. difficult to identify any other meckanism which

has the potential for producing the changes observed. Ineffective sealing of the speci-
men- to the channel tay be basically ruled out because the various tests nearly all
-exhibit sustained pressures below atmospheric. In some cases values of the order of
2/3 atmospherea wére recorded. Note that no pressure responses are recorded for dual
channél tests.

With. reference of the heat'balance, the results were more uniform than in the early
series. Naturally, in paft, this was due t6 more uniform application of the available
eléctrical energy, but more-improvement may be obiained when the recommended
#hefocouple array is installed.in the water circalatory system.

The next set of figures -show the surface temperature responses of the tested composites.

Figure 29 shows the high heat flux environment portion of the C1-5 test; the low heat
flux environment indicated a steady reading, Note the jagged shape of the fivst part
of the cirve, which then smooths out and has two peaks at about 4000 °R and 4400 °R.
This composite consisted of a standard CP heat shield 0.2 inches.thick over an
insulating structure, Figures 30 and 31 show the surface temperatures attained by the
specimen during the high heat flux portion of the test.on A4-3 and A4-4. These were
CCA-1 polyimide composites. Note the large differences in surface temperature,
possibly caused by the change in fotal enthalpy in the two tests, It is of interest to
note that radiation changes were observed after the arc was shut down. Figure 32
shows the total run response of Specimen A4-4.

Figure 33 shows the surface temperature of Specimen C4-1, which was a composite
prepared from a bicomponent tape, with the carbon portion at the surface. One peak
after power shutoff can be seen. The low heat flux environment showed a stable sur-
face temperature, while the high heat flux portion showed a wide temperature variation.
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Eigure 34 shows the high heat flux portion of the surface temperature of A4-2B, a low -
density CCA polyimide ¢composite. This-specimen atlated through to the aluminum
backing plate. Figure 35 shows the total rim: temperature, showing variation durmg

_ ‘the ‘low heat flmmrhon of the run,

Figures 36 and-37 show the surface tempemture response of specimen A3-4, a silica
polyimide: (GE) composxte. Variahfe- temperatures at the surface during the’ hzgh heat”
flux-: environment are apparent, with one flash occurrmg after-shitdown.

Fxgures 38 and 39 show the- surfa::e temperature respoase-of specimen A2-2, a silica
phenolic:having the same approximate density as A3-4, Note the extreme différences
. résponse between the two.

Figurés 40 ahd 41 show the surface temperature response of C4-2, a bicomponent tape
-compaosite similar to specimen C4-1, Surface temperature variakility is again apparent,
The rest of the figures also-show-variability. It is necessary to point out that full ’
length temperature response curves were not drawn for all specimens' in which the low’
heat flux portion-was uniform, since the major area-of interest and most of the vari- ;
‘atzons, took’place during the high heat flux portion of the run,- ’ g

The specimens based on GE polyimide (A‘-1-3‘, A4-4 and A4-5) emitted energy aftér the
arc-was shut down. One other specimen, also a polyimide based ¢omposite (44=2B),
did:not display this property, but showed a rapid decay in-surface temperature. C4-I,
-a: phenolic resin based material, also showed one flash of energy-after are shutdown. .
-All the-specimens-showed gonsiderable surface temperature yariability during the high
beat flux portion of the run. A comparison of Figures 45 and 53-is interesting, sincé
it shows the surface temperatures of two different silicone resin formulations. Figure
55 will be supplied, '

Tigures 56 through 7¢ show the internal temperature response modes of the tested
specimene,

Figures 77 throvga 96 show the recession profiles of the tested specimens.

Figures 97 and 98 show the ablated C1-5 specimen, both full view and in cross section.
Note the melting of the quartz insulator layer, shown by the disassembled specimen in

Figure 99,

Figure 100 shows a specimen typical of both A4-3 and A4-4 before tesc. Figures 101 |
and 102 show A4-3 and A4-4 after test. No cracks are apparent in eithar piece,

Figure 103 shows C4-1 prior to test, Figure 104 shows the full face post test appear-
ance, and Figure 105 is a three quarter view. Since this was an wnusual orientation of

fiber in which the yarns are not biased, the relatively good performance of this speci-
men is of interest, g
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and 109 ‘show the ablated speczmen.

~

R

Figure 106 shows !heap;;ear‘ance of A4—2B, a carbon polyimide @}eybond 700) c_:om-”
posite after test, This was a low density composite, and“iirﬂperf,ormed poorly,

Fxgure 107- shows A3—4, a silica poly imide (addltwn type) pnor to test Fxgures 103

Figures 110 and 111 show specimen A2-2, silica phenolic, after ablation.. Contrasted
with A3-4, the appea:ance of the two materials-is similar, Figure 112 shows the ab-
Jated.surface of specinmien C4~ displaying erosion to-the quartz portion of ihezbicp‘m-
ponent tape. : .- .

Figures 113, 114 and 1135 show the ablated surface of specxmen Ci- 6 This concept
ut;hzes a radiation barrier in.the low density component.

Concept C1-8 is shown.in }:‘igures 116, 117, 118 and 119. DCM-1 (a silicone elastomer)
is shown in Figure 120, unablated. The cross section (Figure 1‘71) shows the clear
demarcation between virgin ‘material and char. ; :

Figures 122 through 126 show specimens C5-1 and C5-2, utilizing low density insula-

tive components. Specimen R2-9is sihown in Tigures 127 and 128; this was a retest of
a standard material. Figures 129 and 130 show specimen C1-7. Two quartz/Gemon
composites are shown in Figures 131 through 136. In spite of the presence of small
cracks, the:materials performed as well as silica phenolic. :

A-modified. sxhcone is shown in Figures 137 through 142, The full length run on GEM-1
showed:that this elastomer performed poorly when compared to DCM-1.

C4-1A is shown in Figures 143 and 144. A filament wound conbept is sbown in Figures
145 and 146.

Dual Channel Test

The dual channel test which examine the relative performance of ATJ graphite and tape
wrapped carbon phenolic, was conducted in a structure fabricated from ATJ graphite. (Fig. 8)
Fitted to the standard arc hardware, the graphite structure consists of three components,
The first is a graphite transition nozzle. The flow directed through the nozzle enters

a circular section and exits through a rectangular section measuring 1.0" x 0.5". The
channel proper, formed between the remaining two graphite plates accepts the flow at
this point and is tapered to an exit measuring 1.0" x 0,35", The later dimensions con-
stitute the throat at which the flow attains mach orne. Evaluated at the measured

enthalpy and the pressure within the channel, calculatiors place the flow velocity at
several thousand feet per second. The present test was unique, in that both faces of

the channel incorporated instrumented specimens. For this reason evaluation of heat
transfer and channel pressure were based upon current, voltage and plenum pressure
records compared with accumulated data obtained during previous channel flow tests.
The enthalpy was obtained directly from the heat balance data acquired during the test,
The results are summarized in Table IIT,
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- Thedata generated by the thermoeouple instrumentation, is shown in Fxgures 147, 148,

and 149. The latter figare gives indication. of the cooling profile of the carbon phenol.c in
which three thermocouples survived. All thermocouples failed on the ATJ graphste.
Even without quantitative evaluation, it is readily evident that thermal conductxvxty in
the carbon phenohc 1is much less than in-the-ATJ graphite, . -

" Following- test, both specimens-were- secttoned ‘longitudinally and measured. Although
‘the:ablated face of the- ATJ graphite appears relatively uniform to-visual inspection,
) the profile plotted to an expanded scale (Figure 150) éxhibifs more irregularity.

The section.of the carbon phenolic exhibits- fxssures as did'the-ATJ. However, these
appear to extend only to the depths o whxch degradation has progressed. I is quite
evident, as has been described prevmusly {"Ablation Test of a Modified Four Harness
Interlock Fabric in the Hyperfhermal Arc", J. Metzger, TDM 8151-620, 11/21/69),
that removal or softening of the resin results ina rélaxationof the fibers compressed
during fabrication, When raised to their relaxed position, the resin depleted fibers
effectively obscure the true secession. A heat-of ablation model based on specimen
recession can report hlghly optumstlc values. The basic profxie of the =pe imen is
recorded i Figure 151.

Figure 152-is a photograph showmg the ATJ and carbon phenohc specrmens prmr to test.
Figures 153 and 154 show the two specimens in the mounts, after test. Figures 155
and 156 are-sectional views of the ablated specimens, The presence of eracks in both
specxmens after test:should.be no;ed

Since it was obvious tha! the fiber structure had expanded,. the problem existed of esti-
‘mating the true recession which had been realized. To make such-an estimate, the
positions of the thermocouple holes were measured, based on the photographed

scale, These were compared to the thermocouple depths originally measured when

the specimen was instrumented. It was found that the disparity in measurements in-
creased as the holes approached the ablated surfacé (Figure 157). The values we e
referenced to the original hele measurements and the growth factor, extrapolated to
0.452 (the original sucface) suggested net expansion of 38 mils above the original
surface In actuality, the ablated surface above the uppermost thermocouple was pro-
filed at 0.458", or six mils more than the original face, from which actual recession

is deduced to be 33 mils. A measurement of the distance from the thermocouple hole
to the ablated face on the photograph yields 0.14/2.08 - 0,067". Since the original depth
was 0,100, this also indicates a recession of 33 mils. The recession values tabulated
and plotted were obtained by difference from the unablated edges of the specimen after
test. Since these were restrained, their tendency to grow was less than the unrestrained
center region, Nevertheless a maximum net growth of 28 mils was recorded,

Two additional dual channel tests were conducted, In this configuration, a pair of

specimens was exposed simultaneously in the same test configuration. The configura-
tion, a channel, was prepared to accept a test specimen in the two opposite walls.
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Tests were at a heat transfer rate of approximately 1200 BTU/sec-it? and an enthalpy
estimnted-at 7000 BTU/Ib.and lasted fifteen seconds each, .

-~

One channel was fitted with two carbon/] polyumde specimens of slightly -different manu-
factire (A4-5 and A4~7). Performances were not dramatically different, although the speci-
men of more recent manufacture (A4-7 ) appeared to showagreater tendency to incréase
dimensionally. -The iendency to increase dimensionally has bern noted on tape wrapped
carbon phenolic materials numerous times. At present it is not known what factors
coatribute to the growth patierns. The second dual channel tends to further accentuate

the phenomenon and arouses speculation on possible factors exerting influence up on it.

The second dual channel had installed in it a silica phenolic (A3-8) opposite a carbon
polyimide (A4-6). In-the course of the test, the silica phenolic was deeply (and uni-

~formly) eroded. Even.lateral.umdercutting of the specumen was noted. The carbon
- composite was-unique. It gave evidence of tremendous-dimensional increase.

Following test,. even with ablative erosion, the centerline region was elevated about
1/8" above its original location. The growth observed was the largest noted to date.

Since rapid ablation-of the silica polyimide created an abnormally large flow cross

section, speculation centers on the possibility that local changes in test conditions
might have contributed to the dimensional increase. The basic test data reveal

that the gross environmental conditions (mass flow, power, pressure) were quite
comparable on:each of the two tests.. Since a similar specimen was éxposed in the
other channel test and showed a lesser material expansion, it appears most probable
that locaily variable conditions led to the observed differcnces in performance,

The silica polyimide suffered ablative recession of abcut 200 mils. Since the test
was 15 seconds-in duration, about 13 mils per second were removed, except at the
aft end, At the aft end ablation completely penetrated the specimen. This is the
result of the development of a forward facing step at the specimen-holder interface,
A vortex or similar disturbance at this region results in enhanced heat transfer rates
and correspondingly increased erosion. The effect is more pronounced when the step
is large.

The dual channel specimens offered several unusual results, In run 22-71, speci-
mens A4-5 and A4-7 were exposed. Subsurface temperature responses (Figures 158
and 159) and the ablation profiles of both specimens are presented (Figures 160 and
161).

The ablation performance of A4~7 is of interest. Although the recession was measured
to be irregular, when taken over the measured ablated surface, a mean recession of
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approximately 90 mils was obsérved., Examination of:the depth of the thermocouple
holes in this:model, leads:to the conclusion that the specimen suffered a dimensional
expansion which tends to hide the dctual recession value, The post test focations of
the thermocouple holes are shown on the profile (Figure 161), Ar appreciable change
in Iocation-is evident. The.numerical values of dimensional changés -were plotted
against the original thermocouple depth and a-nearly linear trend in tke changes of the
various holes can be observed (Figure 162). Projected.to-a zero depth, the curve
-suggesti that the position of the original surface would have shi{ted higher by 100 mils,
had there been no ablation.,

Since a mean value of 90 mils of recession was noted; -it can be estimated that net
true ablation was 190-mils, which is quite high. Expansion of the fiber matrix was
quite extensive.. However, ‘the behavior is consistent with materials property measure-

‘meénts. Under controlled heat loading tests, samples of carbon phenolic have exhibited *

a hysteresis-like phenomenon with respect to thermal expansion (Figure 163).

The second dual channel test incorporated specimens A3-8 and A4-6. Their subsur-
-‘faee responses are given in Figures 164 aad 165, The silica phenolic specimes {A3--8)
ablation profile is depicted in Figure 166. Note that the 6ne thermocouple hole which
remained indicated a very slight tendency of the material to retain an expanded dimen-
sion. The ablation was severe, .having remcvad nearly three-quarters of the speci-
men thickness: The ablation resistant graphite downstfeam of the pecimen was
more-ablation resistant and-created a rear-facing.step. Locally enhanced heaf irans-
fer resuited in .increased-ablation in the specimen and penetratnon at the aft.end as
shown by the profile,

The carbon polyimide specimen abla%ion profile is shown in Figure 167. Wote the
apparent increase in thickness, du to ply distortion. Fhotographs of the ablated
specimens are shown in the next uix figures. Figure 16€ shows 4 top view of speci-
mens A4-5 and A4-T after test. Cross sections are shown in Figures 169 and 170,
A4-6 and A3-8 are-shown in Figures 171, 172, and 173.
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MISCELLANEOUS TESTS -

ELEMENTAL ANALYSES : : s .

_Etemental analyses were performed.on four samples for percent carbon, hydrogen,

and nitrogen. The Samples were deblgnmea Ri-4, R2-4, R3-6 and A3-4, consisting
of; Silica/Phenolic C-180-48/USP95 FH5020; Carbon/Phenolic CCAl—-lGau/USPQS

FMSOSSA -Carbon/Phenolic Pluton B1/DP 2510 MXC-31'HP and Slhca/Polymudx. C100-

48/GE Polyimide respectwely. The structural layer consisted of 202"—'1‘3 Alumipum.

The analyses were all performed on the Perkm Elmer model. 240 Elemental Analyzer.
Because of the high carbon content of the samples, the analyses were rathe? erratic

‘ antil*the allowed combustion time was increased from 2.25 to.5.25 minutes. At the

lower comhustion time the samples were not receiving enough-of an oxygen supply for
complete oxidaticn. The finalized results are presenteo in Table IV and are within
an-aceuracy-of + 0.3 percent zbsolute,

FLEXURAL STRENGTH TESTS

Flexural strength determinations were made on standard materials, ard on a carbon/

polyimide composite. The data are- ptesented in- Table V.. The: ‘polyimide specimen is

in the same strength range as the phenolic specimen, in spite of its shghtly lower
density.

SURFACE TEMPERATURE ANOMALIES

A review of a number of test rurs has emphasized an interesting characteristic of
the high heat rate surface temperature response of the carbon phenolic specimens.

In many of the profiles, the surface temperature data generated at the high heat
transfer rate is characterized by 2 smooth rate of rise, initially nearly vertically
but rapidly inclining toward a cousiant level. After a few seconds (approximately 10)
there is generally an abrupt decline in the temperature. The data waay indicate a

fall of several hundred degrees “vithin one or two seconds. This is followed by
another rise in temperature similar to tho first but extending over a longer interval.
The pattern may or may not be repeated at various intervals thereafter, but the ini-
tial characteristic has been reproduced on a number of test runs. The surface
temperature response is real and appears primarily as a response of carbon phenolic
specimens, Thevefore, it is appropriate to consider an interpretation of the cause.
The extremely rapid imposition of the higher heat transfer closely approximates a
step function. The sudden presence of ‘-¢ sreater thermal flus will drive the immedi-
ate surface toward an equilibrium tempor...y * which is higher. The driving rate can

16

-

4

'
A
S tprand -l

L R L L

g

)

3

[
o

Ay ey e
[P Y



%

T s

)
o

o
»mo

g

Pl

ey

'.k £
M i { SN

b A T

Ly ¥

,,0,

e AL

YK

2 Kool

n:\nm
IR

R
g st
N

R

nd
e

&
ERL DU
API:

%

?
7

\-J" 'm,g(‘\gv.tw -%; P ,\
2.

g v emE

wp e

 ANALYTICAX, MODELING Lo

A - i s 2 e e R T ——

be postulated to force tha sirface temperatufe much faster than Leat may be con-
dacted internally. However, conductior does persist anc a portion.df the Tesin
centent of the:material-is volatilized. The gererated'gases vent, résulting ina
repid cocling momentarily. The surface temperature tends to recover as resin
seexing the surface must percolate from progressively greater subsurface depths.
It is possible to attribute subsequent abrupt changes in-surface temperature fo the
emission of volatiles from resin occlusions (perhaps locally):at various-deépths,

-

which can increase the mass addition fmomentarily. The-discussion is speculative,

‘but' the acquired evidence indicates that the response characteristic that it attempts
to explam is Teal and reasonably reproducible,

Analytical modeling of thz various ablation processes (charring, subliming,
melting, etc.) are-all adapted to machine computation-through the introduction of
various simplifications. While the adaptations make the actual process more
amenable to machine computational techniques, they none-the~-less provide results
which‘are reasonablé representations .of the actual physical responses of an ablator.
Consider a charrizg ablator. It may be depicted as shown in Figure 174, The
Jocation of the initial face of the ablator is:shown. At time zerd, it'is in equilibrium
with the ambient environment. ‘Convective and radiative heat transfer impose time

’ d'epehde‘ﬁf thermal flux: upon the ablator surface. It will be assumed that the im-

pressed environment is sufficient to result in ablation. The applied thermal flux
elevates the‘temperatire of the surface layer rdpidly and conduction within the ablator

résults in-a.temperature rise profile which-advances through the materiai-as a.-function of

timé. When the temperature at a depth is sufficient, degradation of the plastic material
will-initiate., The compléx organic molecules begin to.decompose progressively,
producing gaseous hydrocarbons and other vapors and leaving a porous char residue.
-In many charring ablators, the char is comprised of carbon. Other principal con-
stituents-usually present (H Og, Np), enter the gaseous products. As gaseous
products of degradation evolve, they produce increascs in internal pressure, which
is relieved as the full, more porous char is developed. The graduation of char-
density and decline of internal pressure approaching the ablating surface tend to
direct the evolved gases to issue from the surface. If inert, these gases will help
block incoming heat and help suppress transfer of heat toward the interior. I com-
bustible, the evolved gases may actually contribute additional heat to the surface
when combining with oxygen diffusing through the boundary layer. It is significant
to note that some porous structures in an ablator may sustain pressures locally
which are in the tens of atmospheres (Reference 3). Consequently, blowing of the
generated gases into the boundary layzr may be at appreciable velocities in some
cases; With continued application cf the source of heating, the plastic at the surface
will be completely degraded. No additional gas will be generated in this region
through the degradation process. The region involving such chemical changes will
advance further within the material. If the external environment is sufficiently
severe, the surface will be removed by structural failure, oxidation or even sublima-
tion, Thus the surface recedes, following the totall'o charred region and the region of
chemical reaction.
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The process descnbed and the analogues for other ablatw processes have been.
described mathematically and modified for automated compuﬁgor Tiie computa~"
tional system-developed.is.the REaction Kingtics Abiahna Program (REKAP). In the
case of a charring ablator, the REKAP considers: fhie-thermal balance of an m.ﬁm-
téstimal element of the dynamic system, incorpor'ztmg

1. Net heat conducted into thé-glement

2. Heat stored in the solid

" 3. "Heat absorbed in the chemicai reaction’

4., Heat stored in gas generated

5. 'Heat absorbed in cracking of recombination

6. Heat geﬂgrated due to friction
In considering the contributions of the various factors involved in-the ablation of a
.charring ablator,. it was found that some factors contributed negligibly to the thermal

balance. Consequently, these were eliminated, redicing the complexity of the de-
fining equation. The defining equation, upon simplification, is given as

c kYT = pc 2L . “E/RT k) om
VoEVT = pC o +3GF[p-pc} Ze C,t5g) myr VT

Described in one-dimensicnal form, the expression has been generalized to accom~
modate greater latitude in variation of the char density.

x = backface

0 H
3 . afr] _ 3T . k) orT .
ox [k ox -pcpét *Hop mg-\cg+6T dx mgdx
x=X'
n m
D>
m =p _A r]
g v P, £t s o Ei/RI‘

Subject to the boundary conditions imposed, the equation describes events modeled

to occur within the reaction zone, which, by definition, lies between the original sur-
face and the backface. The boundary conditions relate the exchange of heat across
the front surface to the internally distributed heat as described above and to the m.ass
transfer due to issuance of evolved gases and the recession of the specimen surface.
The maunine computation considers mathematically the thermal cquilibrium bets cen
the two active regions: the reaction zcne and the surface,
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As aBoundary condition; the surface of the specimen-is the source of the primary
thermal energies, The tharmal balance at-the:surface is represented by

PR

9net "% ~¥RR " TBlock ~ Yvaporization ”

where

£1 = Hot wall convective-heat flux = H(_ ~-h_) - .
c . r w

® . “ o 4
9pR ~. ;‘e-radxa_ted,heatffmx =0F F T
Uplock transpiration cooling duz to injected gases

'For laminar flow

Yplock = % M
For turbulent flow

- co 1o o-0-38[_ Pgas
Uplock ~%¢ C 0

Backface *

@:[ m d | LV
Of g (‘]

rontface e -

qvap = phase change energy associated with surface

Surface recession rate is assumed to he a raction rute controlied process that can be
beat described hy an expression of the form suggested by Munson and Spindier, (Ref. 2)

B
. 2
S = 61 Tw e

B,/ T,

At the backface of the virgin plastic or supporting substructure, the second boundary
condition on the equation is 3T
k ( > _
9 X BF = 0
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Merhanical computatlon solves the foregoing equzmons simultaneous and-continuously
thruugh the heating periéd. Input environmental parameters-are distributed in -accord
with- -the mathematics among effects which include thermal copduct;on,\ heat storage,
material degradation, gas formation and emission, and surface recession. The
functional REKAP incorporates a group of mathematical tolerance standards with
which the computations are constantly compared in order that the continual summa-

" tion process has a realizable termmal result,

The model described was that employed to-model a material of specific characteris~
tics. However, as presently written, the REKAP has beenprogrammed in a gen-
eralized form. There exist at least six options which can be applied-to the general-
ized program-in ordér to accommodate different material characteristics. These
include-the charring ablaters, the sublimers, materials which develop a liquid layer
as well as several specific spécial cases. -

The REKAP uses the basic measured properties of a material. These normally
include experimental recession performance, thermal conductivity, emissivity and
perhaps others. It has been found that the complex organic materials employed in
ablative materials undergo complicated,. difficult-to-measure thermochemical pro-
cesses such as chemical cracking. These processes may be either endothermic or
exothermic and will modify the controlling parameters. Lacking appropriate experi-
mental data, the analytical model is-adjusted to provide a properly calibrated response
accounting for these processes. The model is modified to respond in.a manner ~on-
sistent with experimental behavior which is measured, using relevant parameaters to
coordinate the results. The calibrated model can then be employed to determine
material performance during re-entry along a specific trajectory.
In developing an adequate model for the composite consisting of carbon phenolic
overlaid on a highly insulative substructure of open weave quartz yarns, very
satisfactory progress has been made. The development was an extension of the
model of carbon pheaolic previously described. The system regwired a two layer
model, Therefore, in addition to the thermal pronerties of the carbon phenolic,
suitable values for the appropriate properties of low densily quartz were required,
An appropriate system for estimating the specific heat of the material assumed the
sum of the products of specific heat and density of the principal constituents divided
by the sum of the densities will yield a weighted mean value of the specific heat.
Since the Po product for air is relatively small, the weighted value for the LDQ is
p
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similar to that o£ the silica fibers in the structure, Forumately the-values of the
~principal components are not greatly disparate. In the case of the thermal conduc-
tivity, values. approaching those of air-were employed. Although the fibers are more
conductive they oceupy a very smallportion of the low density quartz vGlume, and
only about one.third-can be considered.as conduchve pa*hs which wﬂl admlt heat to

the rear of.a specimen.

The results cbtained with the model indicate that little further profitable revision -
“may-be made to-improve the model evolved on the basis of tests in the chamnel. For
the computations utilizing the properties; a mode! was. assumed which incorporated

a 3/8" thick heat shield atop a’1/4 in, layer of LDQ. The results. are given in the
accompanying series of graphs generated from the computed results. Char developed
t6 a depth of more than-three tenths of an inch (Figure 175). The mode} indicates that
about half of the char developed during the low thermal flux application and half during
the high. It.is of incidental importance to note that previous tests of heat shield
materials of less than three tenths.of an inch in thickness -actually were charred

completely through.

Ablative recession (Figure 176) was.predicted to be 2 little-over 125 mils. The value
is-very similar to that-predicted for the carbon phenolic alone. The result suggests.
that the insulative layer does little to modify the response of the heat shield exposed
on.the environment. Also submitted are surface temperature- profiles (Figure 177)-
and:Subsurface response gurves (Figures 178 and 179) both as a function of time-and
.of depth. The latter plot.indicates the markedly different rate of conduction in the

insulative layer. :

-

One possible region in which the insulative layer may be further refined is relative to
its thermal conductivity. It may be recognized that as temperatures at the interface
betwéen the shield and the LDQ exceed 500 to 600°F, the resins which are subject to
degradation may begin to generate some gases or vapors of high molecular weight.
These gases can find their way into the interstices in the LDQ. As a result, the
thermal conductivity of the insulator as a whole may be subject fo transient variations.
Higher temperatures may further modify this property by cracking or further degra-
dation of the gas or vapors cf high molecular weight. Presently, it appears that such
transient changes do little to affect the net conductive response of the material, but
their possible effects are recognized., Figures 180 and 181 show the thermal histories

used in the analyses. These are computer inputs.

The initial problem to be resolved in applying the REKAP computer program tfo the
High Integrated Heat Load investigation was that of providing a data input compatible
with the limitations of the basic computer program. The REKAP is comprised of
various equations designed to describe mathematically the interrelations among
physical phenomena which contribute to the thermochemical removal of material
from an ablator. For a material exposed to a severe thermal environment, it
attempts to establish a balance among the energy exchanged at the surface, the mass
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xemoved from the sm'face and the thermal energy conducted intemally {rom the

~surface. The:numerical solation of the equations i5 a process which-operates con~-

-Secutively and’ repetitively on:discrete numerical elements. The accuracy with which

‘various mimerical operations are performed constitutes-an inherent part of the pro-

gram and.represents-a source: of operationai problems; the. inabﬂity to compute a

solution within;the gpecified accuracy limits will rasult in cessahon of the compu-.

Zationg.l sequence, Effegtingvﬂlg necessary calculations within the accuracy limits )
programmed-is achieved by selection of suitable magnitudes in both the time and the

dimensiona! computation intervals. The heat transfer applied:in the Integrated -Heating '

program. is:characterized by an abrapt twenty-fold increase. in order-forthe com-
puter-to-handle the abrupt change in “heating without failure, the computatxonal time
intervalsavere- greatly decreased’in the temporal vicinity of the change.

in preparing the inputs, the nommal conditions specified-for the ablation test pro-
gram were entered. The program was applied-to twenty degree tape wrapped carbon
phenclic, -using the existing mode] of this material as it has been calibrated for flight
applications. Since calibration of the 20° TWCP for flight includes response to
conditions in excess of those achievable in the test facility and provides compensation

for the inore significant shear aad pressures encountered in flight, it was anticipated

that the ablation.obtained by using this model wou'!! exceed that experienced. in the test

fscility, Indeed, since the model for flight has been thoroughly proven, the relative

dxfferenceun the.periormance of test specimens compared to the computer predictions
constititte a. method of ‘extrapolating for flight prediction any new raterial modeled on

the Bésis of the facility tests..

A, successful computer run was obtained, The program provides a continuous account
of the accuracy of the resuits obtained by piece-wise summation, and the data indicated
that the therma!.input model provided a good approximation of the continuous equation,
As might.be expeécted the largest local excursicn of the accuracy figures was at the
change in heat transfer. Nevertheless the net heat balance was quite good. The sur-
face temperature profile, the recession behavior and the subsurface thermal responses
at various depths are depicted in 1 "gures 182, 183, and 184 respectively.

In general, the predicted results are consistent with expectations. The magnitude of
surface temperature at the low rate of heat transfer is in good agreement with those
obtained experimentally. While somewhat higher than surface temperatures reported
for the experiments, the computer prediction for the high rate of heat transfer is
consistent with these data.

Since the cold wall heut transfer rates obtained in the experiments have been generally
below the anticipated nominal values, the observed difference in surface temperature
is plausible. Ablation was predicted to be larger than has been attained in the facility
test, as had been expected. However, the problem is not solely due *o the calibration
of the model for flight; evidence has accumulated that under some heat load conditions
the fabric in the 20° TWCP tends to expand and take a permanent set, which tends to
render the net recession as unduly small. The net dimensional change on both Run
81~70 and Run 62-70 was apparently affected by such growth.
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It is “nteresting to examine some specimen surface temperature data superimposed on - -
the computer-prediction. The-selection of runs was arbitrary. Reference specimen
R2-4 was selected as represeniative of. data acquired early in the program. It con-
sisted of the basic carbon (CCA1-1641) and phenolic (USP95) systems constructed
directly adjacent to the sluminum bLacking plate in-a manner analogous to tape wrap-
ped carbon phenolic. In contrast specimen C1-8 was among those recently tested.
Although the shield- portion was-fabricated from the same materials as-the reference
specimen and-in the same manner, it was separate from the aluminum backing plate
by an.insulative layer. Both specimens produced nearly identical response curves.
The data tend to reconfirm the generally good reproducibility obtaindble in the'test
facility, Reviewing the.facility data it may be observed that the energies delivered
to the'arc heater during these runs differed by less than 4~1/2% of their nominal -
value. - The relative.change in magnitude of current and voltage ‘between the two runs
and the corresponding pressure differences result in different enthalpies. It is in~
ferred:that the decline in experimental surface temperature is a consequence of the
-erosion of the specimen ablative erosion produces an increase in flow area and an
attendent increase in the expansion of the fiow gas.

Comparisons of actual and predicted valueszof gurface temperéimre are shown in
Figures 182; other computed results are shown in Figares 183, and 184.

After having developed the:basic computer model designed to accept the abrupt rise in
thermal ipput, the program was applied in two consecutive steps, The first generated
predictions for conditions representing idealizations of the actual test environment
and the second examined predictions for a closer approximation of typical tést environ-
ments. The input medels are shown in Figure 185. Note that the second model con-
siders variable pressure and the correspondingly modified heat transfer. A notable
difference in the net recession was achieved (Figures 186 and 187). Although the
effect of the changes introduced into the second model are negligible at low heat input,
a significant decrease in the net recession is produced, The predicied recession
appears to agree favorably with results obtained experimentally. Specimen R2-9, for
example, experienced an average recession of 135 mils, which exceeds the value
‘predicted by the more accurate model by only 6%.

If one considers the char laye: predicted, koth models predict thicknesses in excess

of three hundred mils (Figures 188 and 189). Again, considering the results obtained
on R2-9, it was reported that the char had penetrated the entire thickness of the shield.
Since the original thickness was 420 mils, ablation, on the average has reduced the
thickness to 285 mils. This is significantly less than the predicted chars, Hence the
experiments are consistent with the predictions. Until actual composite predictions
are generated, it wiil be difficult to assess the net effects produced on tl.e thermal
balance of the shield material.
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Surface temperatures were little affected by the differences in the two models
{Figures 150 and 191). Yow heat transfer inputs resulied in 2 maximum surface
temperature of 2200°R while peak heating°during the application of ‘high heat trans-
fer rates' was approximately 4600°R. Itis-of interest to note (Figure 192) that the
change in préssure with attendant heat transfer rafe changes nroduces a "saddle"
in the high temperature plateau.

It is of interest to compare the conventional analytic ablation mode! with: that de'véloped

in evaluating data in this program. For this purpose, a high mtegrated heating traiectory

was-employed, with 2 heat transfer profile représentative of a region on the frustum.
(Figure. 193) The most unusual result deriving from the comparison of the two is
the difference in recession behavior. The difference is shown in Figure 194. When
the incident heat transfer is very low, the two models show nc difference. However,
when the heat transfer rate is increased, after about 70 seconds into re-entry, the

-standard model first trails the one developed in this program, then accelerates until

it yields a net recession two mils in excess-of it. ‘The difference amounts.to iess
than 1% of:the total recession predicted. Also, the-e are but slight differences in the
chars predicted. Both the recession profiles and the char densities are presented for
both models in Figures 195, 196, 197 and 198 respectively.

’}
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SUMMARY AND CONCLUSIONS

The principal objective of the program was to seek new materisl conc~pts capable of
sustaining a high integrated heat load. The developmental materials were designed-

to provide lighter weight and more efficient thermal protection than cgnvexitional‘ tape
wrapped constructions. The program initially examined the thermat response-of.

three reference materials and six developmental materials, Twenty-$ix additional
concepts have bheen tested, Most of the test specimens were exposed to a long time

two step heat flux environment in the five megaivattair arc heater. Six were exposed to
a dual channel test. Despite some rather wide variations in the response of the
materials, it was possible to make comparative evaluations of the groups of speclmens.
The fallowmg summary outline:highlights the details of program. - -

a. It was the objective of the_p;‘ogmm to evaluate the ablation.performance and
insulative properties of a group of composite candidate matérials subjected
to-a high integrated heat load. Te this end, performance goals consisted
of high resistance to thermomechanical surface erosion, good insulative

“ characteristics for structurafthermal protection and-low total weight per
unit area; Detailed study was planned for asymmetrical ablation char
instability, and dimensional: changes resulting from pyrolysis, in-depth
heating, lack of physical infegrity, spallation or other thermomechanically
induced deleterious phenomena.

b. An investigation was made of the adequacy, limitations, and materials
problems associated with the use of conventional tape wrapped carbon and
silica reinforced phenolic resin materials. Consideration was given the
specific components, fiber sizes, weave patterns and resin systems as
well as the geometrical ortentation of the cloth fibers in the conventional
materials. Three were selected as reference materials, These were a
silica cloth/phenolic resin {C-100-48/USPS3, Code R1) and two different
carbon cloth/phenolic resin systems: 1) CCA1-1641/USP95, Code R2 and,

2) Pluton B1/DP-20106, Code R3,

c. To compare with these reference heatshield materials, four developmental
heatshield combinations were considered. Different carbon cloths and silica
cloth were combined with pherolis resing and polyimide resin, The com-~
binations consisted of VCX/DP2510 (Coda Al), C-100-48/DP-2819 (Code A2),
C~100-48 /Skybond 709 (Code A3j and CCAL-1641 ‘Skybond 700 (Code A4).

d. Inorder to effect a siructure of lower weight per unit area, the heatshield

materials were incovparated into twoe layer composites, The subsurface
layer was designed to be highly insulative and of a low density. It consisted
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of a loom woven low density quartz (LDQ)-, which was bonded %o -each of the

- shield materials. The LDQ was made with silica phenolic-strands alternating

at-right angles to give a-square wall pattern.simulating a filament wound struc- ‘
tare. The composites were described as R2/LDQ (Code C1). R3/LDQ (Code C2)
and: RI/LDQ {Code C3)

:Additional development specimens were fabricated and tested in the secong half
- of the program, snd-are reported herein. They inciuded: palyimide resinre-

inforced with carbon cloth (composite Code A4), quartz cloth (Code A7), and
silica cloth (Code A3); two composites using LDQ-polyxmxde Tesin insulative
layers, R2/LDQ-polyimide {Code C1) and A3/LDQ-polyimide (Code C5});
carbon-quartz bifilament tape reinforced phenolic resin (Code C4); filled
:silicone elastomers (Codes DCM and GEM); simulated multiple, interlock,
filament-wound carbon leament reinforced phenolic resin (Code FW).

Specimens for ablafion test were obtained from larger fabricated plates of the
various materials. The finished specimens measured 5.0 x 1.75 inches.
Thicknesses were appropriate to the materials and material combinations.

All specimens were processed fo simulate a tape wrapped heatshield element.
An alumipnm plate was bonded to the shield or the LDQ insulative layer. Each
specimen was equipped with five thermocouples. They were instalied in
isothermal planes at progressively increasing depths. For dual channel te sting,
an alumifum backup plate was not used. :

The specimens were tested in a facility powered by a five megawatt arc,
The equipment was arranged to provide an integrated heat transfer of
36,550 BTU/ft2 in two discrete heating pulses during a 300 secord interval,
The nominal conditions achieved during the 230 and 70 second heating in-
tervals were 5,000 and 5,000 BTU/1b enthalpy; 25 and 440 BTU/sec-ft2,
heat transfer and 0.4 and 2.5 1b/ft? shear stress. The stepwise change

in heat transfer was obtained by redirection of portions of a constant net
mass flow of air., Dual channel testing was done in a modified holder in

the arc.

The test facility equipment was constructed around a rectangular two
dimensional flow nozzle. The nozzle was designed to provide an expansion
ratio of four from a plenum pressure of 60 psia at an enthalpy of 5,000
BTU/Ib. The corresponding Mach Number was approximately 1.5.
Calculations were based on an assumed frozex flow, The specimens were
mounted to form one wall of the rectangular nozzle during test.

After test, recession profiles and char depths were determined from the
longitudinally sectioned specimen. The material performance was determined
as a function of distance along each specimen. The most representative,
average values were those obtained near the middle of the specimen., In each
case, a time resolved history of surface temperatire, subsurface tem-
peratures and local pressures was also obtained.
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The specimens tested in the arc channel configuration using a two stage heating
set-up can be separated by reinforcement and resin type into carben, silica,
quartz, and silicone-composites. Of the carbon composites, the CCA-I based
‘material {(R2-9) exhibited the lowest recession rafe and the most stable char
layer. The insulative composites (C1-5, C1-6, C1-7, C1-8,-C5-1, C5-2)
showed the improved back face response due to a low density insulation layer.

The silica and quartz Materiale (A2-2, A7-1, 37-3) were fai'rly close in
response to-the arc environment, but the polyimide quartz specimens {A7-1,
AT7-3) were hampered by the presence of cracks.

The combination tape specimens (C4-1, C4-2, C4-1A) behaved very erratically.
Two of thethree specimens were consistent in response, and demonstrated

the effects of a non-biased fiber orientation. The fibers were sriented normal
to the heated air, and the composite was therefore more conductivé than a bias
tape specimen.

The silicone elastomer specimens ablated rapidly. Of the three specimens
tested, only DCM-1 survived the full test environment-~the GEM materials
ablated through'before completion of the high heat portion of the run,

Of the dual channel experiments the carbon composites survived very well,
displaying some cracks:after test. Comparing the phenolic and polyimide
resin materials, the two appear to be equal in ablation properties,

The filament wound material ablated rapidly and showed an extremely uneven
char layer.

Irregular erosion was found at the specimen-nozzle edge. This was possibly
due to a combination of irreguiar flow and thermocnemical erosion, It may
be noted that the disturbed region is less pronounced in the more ablation
resistant materials.

A second disturbed region frequently occurs at the nozzle exit. This region

is dependent on the pressure gradient within the nozzle, If the pressure within
the nozzle departs greatly from one atmosphere, a shock will be created at
the exit. Enhanced local heat transfer will result. The ability of the system
to maintain approximately one atmosphere is strongly influenced by the
amount of specimen erosion which occurs. Obviously the ablation changes

the area of the nozzle exit, the effective area ratio, and the characteristics

of local conditions furnished by the heated gas.

The design of the two-step heating nozzle has been improved. An optimization
of the design has been achieved by incorporating elements tending to reduce
the surfice area through which heat is transferred to the cooling water, This
lowered the requirements of arc heat operation and provided longer operating
life for the arc heater components.
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IV. RECOMMENDATIONS

Based on the results obtiﬁx;ed thus far in the program, the following recommendations

are made:

- a,

e.

Develop higher temperature insulative components based on carboi: micro-=
spheres, reflective radiation barriers, and céramized plastics. Based on
the information obiained in LDQ, these material approaches seem promising.

Utilize newly developed open weave, low thermal conductivity carbon fibers
as both ablative and insulative components.

Contimie to investigate new, high char yield heterocyclic resins,

" Further refine the performance of the arc facility in both the arc tunnel and

dual channel modes.

Several tests have demonstrated dramatically the thermally induced enlarge-
ment of carbon fibér-composites. It is recommended that, in the interest

of more precise design, an investigation be made of the enlargement
phenomenon, as related to incident heat flux and duration of application,

In developing optimized shield design, it is believed that the detailed be-
havior of carbon phenolic must be understood.

29489

.

= - b K PV EYUE AN L e 4 APFAH AT bl br, .y o T 1 pr2 R e v ARG S Lt raar gt Yemasiarrioin
T M e T PR N . Aol B R ARG AR He (AT i A S Y S TR O P,
SRR K WY SN e T S AR R T R R : ; R

. . e e - o
R D vy :,
RIS s N R .
R Y P

T Ve

1o AV annen sdbi

T

¥ v
PPN



PPy

TN TTRERT o TaEAp A w0t g T X ST sl TOini s, ~adu o ¥ 7 evni bes s I s

snfeA IJ.0aneredua ],

(0,/wB/TeD) :989H opIoads o

d.8L¥ 78 $1°0
T80T 18 EIT°0 Lo/ A/ AU/3/ME) FLJATONPUOD [EWIYL @

(T.08%03:00T) :0BUBY.g_0T X 93 (§o/ WY/ *UN) :UOISUBAXY JO JUSIOPFIOD [BULISYL o
| BIdURD VY

seppxadoxd BwaIayl °II

_ ) _ 08 03 02 10 ‘uorgeduord

. _ 06¥% 03 00€ :sd ‘yidueaig ‘ojIsus
. 0L 01 09 'V axoyg ‘ssoupaeH
¥8°T _ 1AypaeaD oyroeds

*9JBINBIIP UM [AINGIP % °IN G2 °0 YA PozATeIBO puncduwod °*H*d %0S/d.3FLL
/simoy I Aq pamorjo} Prowt WISV *UI 080 °0 X 9 X §'U} 5anoy $g paxnd punodwo) - punodwod paand °D

g9 ssanoy g,
o tsanoy $g
1y 9I0Ys ‘ssaupaeH
s3Iy P WL, 991 NOBL

02 :anoy T Jv ujwr/wid 9y uorjeoriddy

H*d %06/d.8 F L4 OFBINSTIP U1 TAMQIP % *IM G°0 WA PazATejeo punodwiod - punodwrod pazAEIs) g

wida o7 38 oIpuids 9 *ON 000 ‘08 8dO JAY PIOH00IT AJSOOSIA @

A SOT}SII9JOBIVYO MOJJ UBTUOIMON-UOU ‘D3sed aJTUM soouxesddy e o

. | —

L4 (5]

punodwo) paanoupn) ‘v =

. L=t

(TeordAr) sepxedoag [eorsdud I b
. | — %
(% *M §*0 03 T°0) €28-L3T-090 2

(% *m g°T 03 SL°0) 80L6-ALY =

(% *m g*0 03 T°0) 9eaME[IP U IANqIq :suSSY 3upnd =

_ | &

‘ 2hs-sdlL :Te1xe3BIN
YIVA 1ONAO¥d TTVININIYIIXT 3yS-S€L "1 dTdVL
¥ hid _ AR




R IR

o

-

Pr-or

S A L RTIRRIL e T
. i
. .

v

I T L T

IR e SRR S S e
|

O ‘ |

4 |

NS

. “12°0 £e1°0 0T 4

, 12°0 62T °0 , 8 g

32°0 PET*0 9 s

p . £3°0 L¥T 0 ¥ L
AMMMMNMM\o mHo Aowmmﬂ%%v _ aw], (09s) oansodxy ordursg

‘*suoyBoPoads I03 Syseq B S8 pasn og wos pImoys axsy umoys sansa

Co Te01d4) oYy, °*rerejBuz psonpoad AJ[BIOISWUOD Ul INOOO IIA UOIIBIXBA

30 90230p OIBUOSBYX ¥ ‘Y0AOMOH *jonpoad ayj Jo Teoids) oxs puv s3593
AZ078I04B] WO} POUTIAIRP USDQ OARY SR} STY3 U Umoys sopxedoxd oy L

B3B8 3591

098 ,)/Md 008 :918Y 3UIjBOH I[BM PIOD
qi/nsg <081 :Adpuyud svo

eysd g :oanssaxg uopeudeis

99S/q[ $620°0 MOTJ SSBIN

upu/qr £1G°0 $93ey MOYd 2ussox9y]

uruL/qf §2°T :9jey Mofd %0

% YOBIN :A100[9A SBD

J.004¢ :oamjeasdwa], swWeLf

soyour §°1 :{renrup eouwysig dyJ, ewelj oy ojdwes
908138 ¢ °eIp ,,05°0 ‘xapullfD :ozig ordweg
. adydmorg €~-rSd 9PUiT YOIoL

. TR
BTN
<, "

XA

yoIoJ, auagoaay~Axp ‘:odfy
$SUOTIIPUCD 3189 L,
senyzaedoadg oA13eIqQyV ‘g
GLE’0 4344
09€°0 01¢
. : €5€°0 SLT
, ‘ " 8v¢°0 0sT
e¥8°0 SeL
‘ . 6280 00T
. ’ 416 °0 . 09
‘ o : . enpea DsoaneIedwag,

.
t

= - ! X or®ar Fren

(Qo/Wi3/TR0). ije0l OFfoads

A e

8
~
Lo
o

3

e PR A

R

[
1



Ve

ey

N
A

&

gy

>0

e
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Specimen Run “deat Shield Inzulator Sgr&ctlni'g
C1-5 15 . CCAl-¢ arban Phenolic LDQY ) Aluminum
Ad-3 16 CCAl-Crirbon-Polyimide None Aluminum
' {Addition Type) :
Attt 17 CCA1-Carbon-Polyimide None Aluminuni
{Addition Type)
Ci-1 19 ”Combim:tion Tape Carbon-Quartz Aluminum
. Phenolic :
A4-2B 20 " CCAl=Carbon Polyimide (Low None Aluminum
density) X
Al 22 Silica Polyimide (Addition Type) None Aluminum
~2-2 23 Silica Phenolic None Aleminum
C4-2 25 Combination Tape Carbon-Quartz Aluminum
Phenulic
Ci-6 49 CCA1l-Carbon Phenolic Gemon/Quartz Aluminum
Low Density
¢ Layer
ATJ/CP 1 DUAL CHANNEL TEST
C1-8 60 - cCat-Carbon Phenolic Gemon/Quartz Aluminum
Low Density -
Layer
DCM1 61 DC 93-104 Silicone Elastomer None Nole
C5-1 62 Gemon/Quartz
Gemon/CC AL Leat Shield Low Density Aluminum
C5-2 3 Layer
R2-9 64 CCAl-Carbon Phicnolic | w=ewwmeccwe-- Aluminum
C1-7 65 Similar to C1-8
AT-1 4(71) Quartz/Gemon PI | semmmmeeceee Aluminum
AT-3 6{71) Quartz/Gemon (990°F Post | sememme—eea- Aluminum
Cure)
GEM-2 (7)) TBS 452 (ummadified) 0| =ememe——eee- Aluminum
GEM-~1 8(71) TBS 452 (modifiedy 00| ceeecemeeee- Aluminum
C4-1A 9(71) Combination 7 ape Composite | ==~e—ve—m——- Aluminum
$=- 22 et
Ad-=7 CCA1/Gemon Polyimide Dual )
Chamnel Run T Aluminum
A4-5 22 )
Ad-G 23 CCAl/Geman Polyimide | ==emmmmeeae- Aluminum
A3-8 23 Silicastdemon Polyimide | meemmememea- AMuminum
Fw-1 Filament Wound PX505/510 ESM Aluminum

Phenolic
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; - TABLE IV, ELEMENTAL ANALYSES

e )

o5 -

EE Sample @ N -%C %H

L] Rl-4 Ng, 1 0,09 92131 0.01 .

L No. 2 - 0.13 20.23 0,18 5

g “Né. 3 0.06 20.67 0.78 ?
£ No. 4 0.08 23,12 1.40 . ~

KA ke ¥ al
e o
N b e
3 m}(,{.& o A
L 2R

R2-4 No.
No.
No.
No.

96,49 o

96.99 0.
1
2

0

| .O [~
[ BRI I
(S ST L L)

.

93.50
88,75

PN ™

R3-6 No. 1 0.99 87.317 0 .
No. 2 1.37 86.93 6. 67 L
No. 8 1.27 85.50 1.82 o
No. 4 1.81 78.14 2.84 B
A3-4 No. 1 0. 60 13.93 6,11 oy
0.80 14.19 ¢.08 ¢
No, 2 0.56 15.14 G.05 e
0.85 15,00 ¢.05 i
; No. 3 2.72 18.32 1.23 ok
2.80 19.35 1,38 o
No, 4 3.00 22.69 1.61 , =3
v 2.81 23.52 1.69
The designation of No. 1 through No. 4 indicate the area of the specimen :
from which the sample was obtained: No, 1 is the charred surface; =y
No. 2 midway through the char layer; No, 3 is from the transition zone; DY
No. 4 is virgir material,
x
P
e
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TABLE V. FLEXURAL STRENGTH OF

o~ r——

Material

Sample
Number

Flexurat

Modulug
188 el

{OA{POSITES

Ultinate _‘r‘lext.zmli
Strength
{pst)

| S.G.

TRefrasil Phenolic 20° Comp
R-1)

Carbon Phenolic 29° Comp
(R-2)

Carbon Pherolic 20° Comp
{Low Density—~Comparison
only)

Carbon Phenolic 20° Comp
R-2)

GE Polyimide 20° Comp
A4-3

3

ek

]

¥

L S8

hy
ot

I

23,325
24,917

18345‘38 o
18,247

1,68

1.50
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{H:= 5000 BTU/LB) ' . ’
{M=15%%) - T{2.9)

{Q (TOTAL) = 35,550 BTU/RT) : i-,- e £ ’
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Figure 1. Nominal Shear and Heat Trausfer Ablation Test Program
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Figure 3. Over View of Wedge Pienuni Gerdien Arc with Water Cooled
Coppsr hozzle Assembly Attached
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Figure 148, Thermocouple Response, CP109A (20° TW)
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